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We investigate the prodution of diret photons in entral Au-Au ollisions at the relativisti
Heavy-Ion Collider (RHIC) at 200 GeV per nuleon, onsidering all possible soures. We treat
thermal photons emitted from a quark-gluon plasma and from a hadron gas, based on a realisti
thermodynami expansion. Hard photons from elementary nuleon-nuleon satterings are inluded:
primordial elementary satterings are ertainly dominant at large transverse momenta, but also
seondary photons from jet fragmentation and jet-photon onversion annot be ignored. In both
ases we study the eet of energy loss, and we also onsider photons emitted from bremsstrahlung
gluons via fragmentation.
PACS numbers: 25.75.-q,12.38.Mh
I. INTRODUCTION
The formation and observation of a quark-gluon
plasma in heavy ion ollisions is an important goal of
modern nulear physis. Even if a quasiequilibrated
plasma is reated for a brief time in the ollisions, it is
still a hallenge to infer knowledge of the plasma from
partile prodution. Among those proposed "probes" of
the plasma are the diretly produed real photons. Those
photons interat only eletromagnetially, and so their
mean free paths are typially muh larger than the trans-
verse size of the hot dense matter reated in the ollisions.
As a result, high-energy photons produed in the inte-
rior of the plasma usually pass through the surrounding
matter without interation, arrying information diretly
from wherever they were formed to the detetor.
One expets to dedue properties of the highly exited
matter, in partiular it's spae-time evolution. Diret
photons may provide these informations in two dierent
ways: via so-alled "thermal photons" emitted diretly
from hot and dense matter, and via seondary photons
from initially produed jets. There are two kinds of
suh seondary photons: they may originate from the
"fragmentation" of jets, or the "onversion" of jets into
photons via interations of jets with the partons of the
equilibrated matter. Suh seondary photons ompete,
however, with the photons diretly produed in an initial
hard nuleon-nuleon sattering, in the following referred
to as "primordial NN sattering" ontribution, so a are-
fully study of these photons is very important. In the
following, we will shortly review these dierent photon
soures.
Primordial NN sattering. The diret photon pro-
dution via Compton sattering and quark-antiquark an-
nihilation an be alulated in perturbation theory, using
∗
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the usual parton distribution funtions. In priniple one
should onsider at this stage also higher order ontri-
butions, like bremsstrahlung of photons aompanying
for example two-jet prodution in hards parton-parton
sattering. However, we onsider this as part of the so-
alled jet fragmentation (or bremsstrahlung) ontribu-
tion, whih will be aeted by the thermalize matter,
and whih we will disuss separately.
Thermal photons. In high energy nulear ollisions,
the density of seondary partons is so high that the
quarks and gluons resatter and eventually thermalize
to form a bubble of hot quark-gluon plasma (QGP).The
plasma expands and dereases its energy density so that
a phase transition to hadroni gas (HG) phase appears.
Thermal photons an be produed during the whole his-
tory of the evolution, from the QGP phase, the mixed
phase, and from the pure HG phase. Photons from a
thermal soure are exponentially damped so that the on-
tribution to very high pT is negligible. However, its on-
tribution to low pT is dominant.
Jet-photon onversion. When jets pass through
thermalized matter, they may interat. In ase of the
quark-gluon plasma, these interations are elasti ol-
lisions between jets and deonned partons. There is
rst of all quark-antiquark annihilation and quark-gluon
Compton sattering, whih both an produe a photon.
These photons are aeted by the plasma in two ways:
obviously the plasma is needed to allow these intera-
tions, but there is also a seondary eet, sine the jets
rst of all lose energy in the plasma, before ontributing
to the photon prodution.
Jet fragmentation or bremsstrahlung photons.
Photon prodution also ours as higher order eet in
purely partoni initial hard satterings: at any stage of
the evolution of a jet (nal state parton emissions), there
is a possibility of emitting photons. Also here the pres-
ene of a QGP will aet the results, sine the jets lose
energy during the fragmentation proess. And not to for-
get the fragmentation ontribution from indued gluon
2radiation in the plasma.
Our paper is organized as follows: in setions 2 and
3, we disuss thermal photon prodution; in setion 4,
we study hard photons from primordial NN sattering
(leading order); in setion 5 we study jet-photon onver-
sion, inluding the modiation due to jet energy loss; in
setion 6 we ompute photon prodution from jet frag-
mentation, also referred to as bremsstrahlung's photons,
again onsidering the eet of energy loss; in setion 7 we
nally ollet our results and ompare with experimental
data.
II. PHOTON EMISSION RATES
Thermal photon prodution is obtained by integrating
the photon emission rate R (number of reations per unit
time per unit volume whih produe a photon ) over the
spae-time history of the expanding hot and dense mat-
ter. In this setion we study the photon emission rates
from dierent phases of the hot dense matter.
The spetral photon emissivity diretly reets the dy-
namis of real photon prodution reations in thermal-
ized matter. Commonly employed formalisms are nite-
temperature eld theory and kineti theory. As system-
atially studied by Kapusta et al.[1℄, the thermal emission
rate of photons with energy E and momentum ~p from a
small system (ompared to the photon mean free path)
is
E
dR
d3p
=
−2
(2π)3
ImΠR,µµ
1
exp(E/T )− 1 (1)
where ΠR,µµ is the retarded photon self-energy at nite
temperature T . This formula has been derived both per-
turbatively and nonperturbatively. It is valid to all or-
ders in the strong interation. If the photon self-energy is
approximated by arrying out a loop expansion to some
nite order, then the formulation of Eq. (1) is equivalent
to relativisti kineti theory, where the emission rate of
photons with energy E and momentum ~p from a proess
of type 1+2→3+γ reads
E
dR
d3p
=
∫
(
3∏
i=1
d3pi
(2π)32Ei
)(2π)4δ(4)(pµ1 + p
µ
2 − pµ3 − pµγ)
× |M|2 f1(E1)f2(E2)[1 ± f3(E3)]
2(2π)3
(2)
where the f 's are the Fermi-Dira or Bose-Einstein dis-
tribution funtions as appropriate. Eq.(2) is onvenient
if the sattering amplitude, M , is evaluated in a pertur-
bative expansion. Non-perturbative (model) alulations
at low and intermediate energies, on the other hand, are
more amenable to the orrelator formulation, Eq.(1). In
the hadroni medium, e.g., Πem an be diretly related to
vetor-meson spetral funtions within the vetor domi-
nane model (VDM). Instrutive investigation on photon
emission rates from both QGP and HG phases an be
found in [1℄[11℄.
Figure 1: Two-to-two partile proesses ontributing to the
leading order photon emission rate.
Figure 2: Bremsstrahlung and pair prodution ontributing
to photon emission. The bottom line in eah diagram an
represent either a quark or a gluon.
A. Quark-Gluon Plasma
In [1℄, the thermal rate from a quark gluon plasma is
omputed using the kineti theory formalism for the sim-
plest two-to-two sattering diagrams suh as the QCD
Compton proess qg → γq and annihilation qq¯ → gγ, see
Fig.1. In ase of a large photon energy, and with the en-
ergy of two initial partons being larger than the energy
of the output photon (E1 + E2 > E ≫ T ), the approxi-
mation f1(E1)f2(E2)→ exp[−(E1+E2)/T ] is employed.
Beause the light quark masses are set to zero, an in-
frared uto −k2c must be plaed on the four-momentum
transfer. The infrared divergene is regulated by an in-
nite resummation of nite-temperature Feynman dia-
grams, following Braaten and Pisarski. This amounts to
a areful treatment of a small part of phase spae left out
in the kineti theory alulation by imposing the infrared
uto. When the ontributions from the two regions of
phase spae  below and above the uto  are added,
the result is independent of the uto. This provides
a parameterized thermal emission rate of photons with
energy E and momentum ~p from an equilibrated QGP
at temperature T and zero net baryon density, for large
values of x = E/T , given as
E
dRQGP→γ
d3p
=
Nf∑
i=1
(
ei
e
)2
ααS
2π2
T 2e−x ln
(
1 +
2.912
4παs
x
)
(3)
An additive 1" has been introdued in the argument of
the logarithm to enable extrapolation to small x [1℄.
As notied in Ref.[2℄ , Eq.(3) does not yet omprise the
full result to leading order in the strong oupling on-
stant αs. Due to ollinear singularities, bremsstrahlung
as well as pair annihilation graphs ontribute at the same
order as the resumed 2→2 proesses, .f. Fig.2. The
full result, whih also neessitates the inorporation of
Landau-Pomeranhuk-Migdal (LPM) interferene eets,
3Figure 3: An interferene term, involving amplitudes for
photon emission before and after multiple sattering events,
whih ontributes to the leading order emission rate.
as shown in Fig.3, has been omputed in Ref.[3℄ as
E
dRQGP→γ
d3p
=
Nf∑
i=1
(
ei
e
)2
ααS
2π2
T 2
1
ex + 1
(4)
×[ ln(
√
3
g
) +
1
2
ln(2x) + C22(x)
+Cbrems(x) + Cann(x)
]
with onvenient parameterizations of the 3 funtions C
as [3℄
C22(x) =
0.041
x
− 0.3615 + 1.01e−1.35x (5)
Cbrems(x) + Cann(x) (6)
= 0.633x−1.5 ln (12.28 + 1/x) +
0.154x
(1 + x/16.27)0.5
.
We will employ the above formula, taking Nf = 3, and a
temperature dependent running oupling onstant[4℄
αs(T ) =
6π
(33− 2Nf) ln(8T/Tc) . (7)
Eets from non-zero baryon density and from o-
equilibrium are not inluded, the above rates an be on-
sidered to be a good approximation for the midrapidity
region of Au+Au ollisions at 200 AGeV. In Fig.7 we
show photon emission rate from QGP. The dashed line
represents the results obtained by Kapusta et al [1℄, sum-
marized in eq.(3), the solid line refers to the alulations
of AMY[3℄, given in eq.(4), with additional ontributions
ompared to [1℄. We an see the full ontribution to pho-
ton emission from a QGP is muh higher than the one
from 2→ 2 partoni proesses.
B. Hadroni Matter
Photons an also be produed in a hadroni phase,
from several elementary interations, see Fig.4. The
dominant ontribution omes from the reations ππ →
ργ and πρ→ πγ; The deay ρ→ π+π+γ also ontributes
signiantly. Interations involving strange mesons or
baryons an also produe photons, but these ontribu-
tions are relatively small beause of the phase spae sup-
pression due to their big masses. The situation of ther-
mal photon radiation rates from a hadroni gas is un-
ertain, due to diulties related to the strong oupling
Figure 4: Photon prodution reations and deays involv-
ing harged pions (dashed lines) and neutral ρ mesons (solid
lines).
pi pi
ρ γ
a 1
Figure 5: Feynman diagram of πρ → πγ through a1(1260)
resonane.
and the masses of hadrons. The study is usually arried
out within eetive Lagrangians. Constraints on the in-
teration verties an, to a ertain extent, be imposed
by symmetry priniples (e.g., e.m. gauge and hiral in-
variane). Coupling onstants are estimated by adjust-
ing to measured deay branhings in the vauum. Thus,
for the temperature ranges relevant to pratial applia-
tions, T=100-200 MeV, the predited emission rates are
inevitably beset with signiant unertainties, and there-
fore a areful judgment of the latter beomes mandatory.
Investigations along these lines were initiated in
Ref.[1℄, where the photon self-energy has been omputed
to 2-loop order for a mesoni system onsisting of sharp
(zero width) π-, η- and ρ-mesons (plus diret ω → π0γ
deays). In Ref.[5℄ it was pointed out that πρ → πγ
sattering via a1(1260) resonane formation (or, equiv-
alently, a1 → πγ deay), .f. Fig.5, onstitutes an im-
portant ontribution. This was followed up by a sys-
temati treatment[6℄ of an interating πρa1 system to 2-
loop order within the Massive Yang-Mills (MYM) frame-
work of introduing axial-/vetor mesons into a hiral
Lagrangian, and, later, within the Hidden-Loal Symme-
try (HLS) approah[7℄. The eet on in-medium vetor
and axial-vetor meson masses is studied by Song and
Fai [8℄.
We will use the results of the MYM alulation
[9℄, where photon prodution from strangeness bearing
mesons has been inluded as well as the axial meson a1 as
exhange partile for non-strange initial states. We show
these rates in g.6, and we list the orresponding param-
4eterized rates, in unit of fm
−4
GeV
−2
, with the photon
energy (E) and the temperature (T ) both in GeV:
E
dRpi+ρ→pi+γ
d3p
= T 2.8exp
(−(1.461T 2.3094 + 0.727)
(2TE)0.86
+(0.566T 1.4094 − 0.9957)E
T
)
(8)
E
dRpi+pi→ρ+γ
d3p
=
1
T 5
exp
(− (9.314T−0.584 (9)
−5.328)(2TE)0.088 + (0.3189T 0.721 − 0.8998)E
T
E
dRρ→pi+pi+γ
d3p
= (10)
1
T 2
exp
(− (−35.459T 1.126 + 18.827)
(2TE)(−1.44T 0.142+0.9996)
− 1.21E
T
)
E
dRpi+K∗→K+γ
d3p
= T 3.75exp
(− 0.35
(2TE)1.05
(11)
+(2.3894T 0.03435− 3.222)E
T
)
E
dRpi+K→K∗+γ
d3p
=
1
T 3
exp
(− (5.4018T−0.6864
−1.51)(2TE)0.07 − 0.91E
T
)
(12)
E
dRρ+K→K+γ
d3p
= T 3.5exp
(− (0.9386T 1.551 + 0.634)
(2TE)1.01
+(0.568T 0.5397 − 1.164)E
T
)
(13)
E
dRK∗+K→pi+γ
d3p
= (14)
T 3.7exp
(−(6.096T 1.889 + 1.0299)
(2TE)(−1.613T 2.162+0.975)
− 0.96E
T
)
Parameterisations forK∗ → K+π+γ andK+K → ρ+γ
do not appear beause their rates have been found to be
negligible.
Hadrons are omposite objets, so they may need ver-
tex form fators to simulate nite hadroni size eet, in
partiular at high momentum transfer. How muh will
form fator inuene the results? Form fators are a very
deliate subjet, espeially when eletromagnetism and
its gauge invariane are involved. For those nonstrange
reation hannels as originally studied by Kapusta et al.
[1℄, onsidering form fators provide a typial net sup-
pression ompared to the bare graphs by an appreiable
fator of ∼ 3 at photon energies around E ≃ 2.5 GeV.
The redution of the rate introdued by Rapp et al. [9℄ in
2 ∼ 3 GeV region of photon energies amount to a fator
of ∼ 4, onrming roughly Kapusta's ndings.
In ref. [12℄, for eah hadroni vertex appearing in the
amplitudes, it is proposed to take hadroni form fator
for t-hannel meson X-exhange aording to
F (t) =
(
2Λ2
2Λ2 − t
)2
(15)
with Λ=1GeV and t¯ being the average momentum trans-
fer t = −2EmX , where E is the photon energy and mX
the mass of the hadron X . In our alulation, we fol-
low this proedure: The photon emission rate is taken to
be the sum of all terms in eqs. (8-14), with eah term
multiplied by F 4(t). The orresponding urve is shown
in Fig.7 as the dashed-dotted line. The dotted line is
the photon emission rate without onsidering hadroni
form fators. The form fators of Eq.(15) makes the sup-
pression stronger ompared to [1, 9℄. For example, at a
photon energy of E = 2.5 GeV, the suppression fator is
about 10 for π-exhange ontributions, and even 625 for
K-exhange proesses. The suppression are even larger
for higher photon energies. So the hadroni emission rate
is redued onsiderably after inluding the hadroni form
fator as in Eq.(15). The HG rate is therefore muh
smaller than QGP one (full line).
III. THERMAL PHOTONS FROM THE
EXPANDING HOT AND DENSE MATTER
The expanding thermalized matter is treated by em-
ploying three-dimensional hydrodynamis. We ompute
initial onditions at some given proper time τ0, expressed
via energy density ε(τ0), net avor density fq(τ0), and
olletive veloity ~v(τ0), by employing the EPOS model
[14, 15℄. The hydrodynami evolution is realized using
SPheRIO [16℄, whih is a Smoothed Partile Hydrody-
namis implementation, a method originally developed
in astrophysis, and later adapted to relativisti heavy
ion ollisions . The three-dimensional hydrodynamis de-
sribes the spae-time evolution of the hot dense matter
reated in heavy ion ollisions, via the 3-veloity ~v, the
energy density ε, the entropy density s and the baryon
number density nB, as funtions of the spae-time posi-
tion (η, τ, r, φ), with η being the spae-time rapidity, and
r, φ the transverse oordinates. In this paper, we on-
sider entral AuAu ollisions (10% most entral events)
at 200 AGeV. The orresponding results of a hydrody-
namial evolutions is shown in Fig.8, where we plot the
rdependene of ε at η = 0 for dierent values of φ and
τ . The initial time is τ0 = 0.5 fm/c. The solid lines
and the orresponding dotted lines refer to φ = 0 and
φ = π/2, respetively. The three horizontal dotted lines
are the the energy densities ε1 = 1.675 GeV/fm
3
and
ε2 = 0.325 GeV/fm
3
, limiting the mixed phase, and the
freeze-out energy density ε3 = 0.08 GeV/fm
3
..
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The relation between energy density and temperature,
T = T (ε), as used in SPheRIO is shown in Fig.9 (and
tabulated for later use).
We dene f
QGP
to be the fration of matter in the
QGP phase and f
HG
as the orresponding fration in the
HG phase, at eah spae-time point (x, y, η, τ). We have
obviously f
QGP
= 1, f
HG
= 0, if the energy density is
bigger than ε1, fQGP = 0, fHG = 1, if the energy density
is between ε3 and ε2, and fQGP = 0, fHG = 0, if the
energy density is smaller than ε3. In the mixed phase
(ε2 < ε< ε1, we have s1fQGP + s2fHG = s, with s1 and
s2 being the entropy densities orresponding to ε1 and ε2,
s is the total entropy, whih is simply a linear funtion
of ε , like s = aǫ+ b. Then f
QGP
and f
HG
are linear in ε
as well, namely
f
QGP
= (1 − fHG) = ε− ε2
ε1 − ε2 . (16)
The photon emission rates disussed in the previous
hapter are obtained in the loal rest frame, so we should
better write
Γ(E∗, T ) = E∗
dR
d3p∗
(E∗, T ) = E∗
dN
d3p∗d4x∗
, (17)
where quantities viewed in the loal rest frame are de-
orated with the supersript ∗. Bare symbols (without
*) refer to the laboratory frame. We need the photon
spetrum observed in the laboratory, whih is given as
dN
dyd2pT
= E
dN
d3p
=
∫
d4xΓ(E, T )
=
∫
d4xΓ(E∗, T )
=
∫
dτdxdydητΓ(E∗ , T ), (18)
with
Γ(E∗, T ) = fQGPΓ
QGP→γ(E∗, T ) + fHGΓ
HG→γ(E∗, T )
(19)
where ΓQGP→γ(E∗, T ) and ΓHG→γ(E∗, T ) are the photon
emission rates from QGP phase and from HG phase as
disussed in the previous hapter. The enter-of-mass
energy E∗ in eq.(18) is related to the photon momenta
in the observer frame (appearing on the l.h.s. of Eq.(18))
as
E∗ = γE − γ~v(τ, x, y, η) · ~p, (20)
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rst-order phase transition happens when
ǫ(x, y, η, τ ) ∈ (ǫ2, ǫ1) with spae-time point (x, y, η, τ ) in a
mixed phase.
with
γ =
1√
1− |~v(τ, x, y, η)|2
, (21)
where ~v(τ, x, y, η) is the ow veloity at a given spae-
time point. The ow rapidity y = 12 ln(1 + vz)/(1 − vz)
is roughly equal to the spae-time rapidity (as in the
Bjorken model). The radial dependene of the transverse
veloity vr is shown in Fig.10, for entral Au-Au ollisions
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Figure 10: Transverse veloity vr of the hydrodynami expan-
sion for the hot dense matter reated in the most 10% entral
Au-Au ollisions at 200 AGeV.
at 200 AGeV. The large transverse ows at large radii will
boost thermal photons to higher pT regions.
In Fig.11 we present the transverse momentum spe-
tra of thermal photons produed in the 10% most en-
tral Au-Au ollisions at 200 AGeV with an initial time
of τ0=0.5 fm/. The ontributions from the two phases
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Figure 11: Thermal photons from the most 10% entral Au-
Au ollisions at 200 AGeV with initial time τ0=0.5 fm/. The
ontributions from the two phases are presented separately:
QGP phase (solid line) and HG phase (dashed line). The
upper limit of the ontribution from HG phase, i .e., with-
out onsideration of hadron form fator, is presented as dot-
ted line. The total thermal ontribution is plotted in the
two ases, with hadron form fator (full irles ) and without
hadron form fator (empty squares).
are presented separately: QGP phase (solid line) and HG
phase (dashed line). We an see thermal ontribution is
dominated by photons from QGP phase, whih is muh
bigger than the upper limit of the ontribution from HG
phase, i .e., without onsideration of hadron form fators
(dotted line). The reason is simply that the QGP phase is
"hotter" ompared to the HG phase. Therefore, hadron
form fators makes very little dierene onerning the
total thermal ontribution, as seen in Fig.11, when om-
paring the omplete results with form fator (full irles)
and without form fator (empty squares).
IV. HARD PHOTONS FROM PRIMORDIAL
N-N SCATTERING, INCLUDING SHADOWING
AND ISOSPIN MIXING
Here we present the leading order perturbative alula-
tion of hard photon prodution, namely the hard photons
from primordial N-N sattering. Higher order ontribu-
tions are related to the prodution and propagation of
jets, so we treat them later. The spetrum of hard pho-
tons from a ollision between nulei A and nulei B is
dNAB→γ
dyd2pT
=
∑
ab
∫
dxadxbGa/A(xa,M
2)Gb/B(xb,M
2)
sˆ
π
dσ
dtˆ
(ab→ γ +X)δ(sˆ+ tˆ+ uˆ) (22)
where Ga/A(xa,M
2) and Gb/B(xb,M
2) are parton distri-
bution funtions for nuleiA andB. We take MRST 2001
LO parton distributions for protons[18℄. Nulear shad-
owing eets are taken into aount by using EKS98 sale
dependent nulear ratios REKSa (x,A)[19℄. The mixed
isospin in nulei with mass A, neutron number N and
proton number Z is taken into aount as
Ga/A(x) = A[
N
A
Ga/N (x)+
Z
A
Ga/P (x)]R
EKS
a (x,A). (23)
The elementary ross setions after olor sum and spin
average are given as [17℄
dσ
dtˆ
(qg → qγ) = −1
3
πααs
sˆ2
e2q(
uˆ
sˆ
+
sˆ
uˆ
) (24)
dσ
dtˆ
(qq¯ → gγ) = 8
9
πααs
sˆ2
e2q(
uˆ
tˆ
+
tˆ
uˆ
), (25)
with
αs =
12π
33− 2Nf
1
ln(Q2/Λ2QCD)
, (26)
and ΛQCD = 200 MeV. The 4-momenta of the inoming
partiles (pa, pb) and of the photon (pγ) in the enter-of-
mass are
pa = (xa
√
s
2
, 0, 0, xa
√
s
2
), pb = (xb
√
s
2
, 0, 0, −xb
√
s
2
)
(27)
and
pγ = (pT cosh y, ~pT, pT sinh y). (28)
The Mandelstam variables are then given as
sˆ = (pa + pb)
2 = xaxbs (29)
tˆ = (pa − pγ)2 = −xa
√
spT exp(−y) (30)
uˆ = (pb − pγ)2 = −xb
√
spT exp(y). (31)
We set the fatorization sale M and renormalization
sale Q to be pT. Due to the δ-funtion in Eq.(22), the
xb-integration is trivial, leading to
xb =
xax⊥ exp(−y)
2xa − x⊥ exp(y) , (32)
with x⊥ = 2pT/
√
s. The ondition xb < 1 requires xa ∈
(xmin, 1) with xmin = x⊥ exp(y)/(2− x⊥ exp(−y)). So
dNAB→γ
dyd2pT
=
∑
ab
∫ 1
xmin
dxaGa/A(xa,M
2)Gb/B(xb,M
2)
1
xas−
√
spT exp(y)
sˆ
π
dσ
dtˆ
(ab→ γ +X). (33)
In Fig.12, we plot the orresponding spetrum, for en-
tral Au-Au ollisions at 200 AGeV. Empty irles present
PHENIX data[25℄. At high pT region, the ontribution
of primordial NN ollisions is very lose the experimental
data.
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Figure 12: The ontribution of primordial NN ollisions to
diret photon prodution in the 10% most entral Au-Au ol-
lisions at 200 AGeV. Isospin mixing and nulear shadowing
are onsidered. Empty irles present PHENIX data[25℄.
V. JET PHOTON CONVERSION, INCLUDING
JET ENERGY LOSS
When jets propagate in the hot dense matter reated
in heavy ion ollisions, they also interat with the mat-
ter and produe diret photons via the Compton proess
qg → qγ and the quark-antiquark annihilation proess
qq¯ → gγ. We denote the momenta of the jet, the thermal
parton, and the photon by pjet, pth and p, respetively.
The leading order QCD Compton and annihilation ross
setions are peaked in the forward and bakward dire-
tions. In the laboratory frame we have |pjet| ≫ |pth| ∼ T ,
where T is the temperature of the plasma. For high en-
ergy photons, i.e. |p| ≫ T , this implies that |p| ≈ |pjet|.
That is why we all this proess a onversion of a jet into
a photon with similar momentum. The rate of photon
prodution by annihilation and Compton sattering of
jets in the medium an be approximated as [20℄[21℄
E
dN
d3pd4x
=
ααs
4π2
∑
q
e2qfq(p, x)T
2
[
ln
4EγT
m2th
+ C
]
, (34)
with C = −1.916, m2th = g2T 2/6, and where αs =
g2/(4π) and α are the strong and the eletromagneti
ouplings. Th subsript q denotes all light quark and
antiquark speies with harge eq, and fq = fq(~p, x) is the
phase-spae density of partons of avor q. It is worth em-
phasizing that the onversion property of the proess is
reeted in eq.(34) by the fat that the photon spetrum
is diretly proportional to the parton spetrum fq. Then
at midrapidity the jet-photon onversion ontribution to
the diret photon prodution in the most 10% Au-Au ol-
lisions is gained via the integration over the spae-time
evolution of the hot dense matter in QGP phase:
dN jet+QGP→γ
dyd2pT
(35)
=
∫
E
dN
d3pd4x
fQGP(x, y, η, τ)dxdydητdτ.
To get fq, the phase spae densities of quarks and an-
tiquarks, we have to x the geometry of jet formation.
The jet prodution from primordial N-N sattering is as-
sumed to happen at the same proper time τ = 0. Then
at τ = 0, the phase spae distribution of partons of type
q is
fqi(~p,~r, τ = 0) ∝ TA(x−
b
2
, y)TB(x +
b
2
, y)δ(z), (36)
where b in the impat parameter and TA and TB are
thikness funtions of nulei A and B. The δ-funtion
is motivated by the strong Lorentz ontration of the
olliding nulei. To have a simple form for a entral A-A
ollision, i.e. most 10% entral Au-Au ollision, we take
the approximation
fq(~p,~r, τ = 0) =
(2π)3
E
dNAB→jet(q)
dyd2pT
(37)
2
πR2
⊥
(1− r
2
⊥
R2
⊥
)θ(R⊥ − r⊥)δ(z)
where R⊥is the radius of nulei Au, and with r⊥ =√
x2 + y2. The momentum distribution is alulated as
dNAB→jet
dyd2pT
(38)
=
∑
abcd
∫ 1
xmin
dxaKjetGa/A(xa,M
2)Gb/B(xb,M
2)
1
xas−
√
spT exp(y)
sˆ
π
dσ
dtˆ
(ab→ cd),
whih is very similar to eq.(33). Here, the ross se-
tions of all possible partoni proesses ab → cd make
totally 127 terms[17℄. Kjet=2 is used to take into a-
ount higher order ontributions to jet prodution in our
alulation[22℄. The phase spae distribution of jet sat-
ises the normalization
∫
fq(~p,~r, τ = 0)
d3rd3p
(2π)3
= Nq, (39)
where Nq is the number of jets of type q.
If we ignore the jet energy loss due to the interation
between jets and matter, then at any τ > 0, the phase
spae distribution of jets is
f(~p,~r, τ) =
∫
d3r0f(~p,~r0, τ = 0)δ(~r − ~r0 − ~vt)
= f(~p,~r − ~vt, 0) (40)
9where ~v is the veloity of a jet, ~v = ~p/E, and t = τcosh(η)
with η being the spae time rapidity.
If we onsider the modiation of the jet energy and its
momentum due to the interation between jets and hot
dense matter, then the phase spae distribution f(~p,~r, τ)
of jets should be replaed by
∫
d3r0d
3p0f(~p0, ~r0, 0)δ(~p0 − ~p
E
∆E − ~p)δ(~r − ~r0 − ~vt)
=
∫
d3p0f(~p0, ~r − ~vt, 0)δ(~p0 − ~p
E
∆E − ~p) (41)
with E = |~p|, and where ∆E is the energy loss of a jet
propagates from the formation point (~r0, 0) to the jet-
medium interation point (~r, τ). In stati matter, one
has [23℄
∆Ec =
L
λc
ǫc, (42)
with ǫc = αs
√
µ2E/λc, and where the mean free path λc
of the jet in the medium, and µ = gT , are all temperature
dependent quantities. The index c refers to the jet type
(quark or gluon). Due to the spae-time evolution of
temperature as T = T (x, y, η, τ), we have to replae L
in Eq.(42) by the integration
∫ t
0
v fQGPdt
′
along the jet's
trajetory in the QGP plasma. Light-avour quarks and
gluons are massless, with v = 1, and so we get
∆E =
∫ t
0
ǫc(T (x, y, η, τ))
λc(T (x, y, η, τ))
fQGP(x, y, η, τ)dt
′. (43)
The mean free path λc is given as
λ−1g = σgqρq + σggρg, (44)
λ−1q = σqqρq + σqgρg, (45)
where the ross setions are given as [24℄ σi = Ci
αpi
T 2 , with
Cqq =
4
9 , Cqg = 1 and Cgg =
9
4 , and where ρq and ρg are
the thermal parton densities.
Fig.13 shows the jet-photon onversion ontribution
to diret photon prodution in entral Au-Au ollisions
at 200 AGeV. We show the results with and without
energy loss, together with PHENIX data[25℄. We an
see that onsidering energy loss an indeed suppress the
jet-photon onversion ontribution, by about a fator of
three. Obviously, higher jet energies are needed to pro-
due a photon with a given energy, in ase of jet en-
ergy loss in the medium. The eet from dierent hy-
drodynami initial times τ0 is also onsidered. However,
results with τ0=0.5 fm/ and 1 fm/ are indistinguish-
able. Our results also agree well with the earlier work by
Turbide[13℄, although they use one dimensional hydrody-
namis.
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Figure 13: Jet-photon onversion ontribution to diret pho-
ton prodution in the 10% most entral Au-Au ollisions at
200 AGeV. Dotted line: jets traverse the hot dense matter
without energy loss; solid line: jets traverse the hot dense
matter with energy loss; Empty irles present PHENIX
data[25℄. The eet from dierent hydrodynami initial times
τ0 is also onsidered. However, results with τ0=0.5 fm/ and
1 fm/ are indistinguishable.
VI. BREMSSTRAHLUNG PHOTONS,
INCLUDING JET ENERGY LOSS
We disussed earlier leading order photon prodution
from elementary NN ollisions. However, also higher
order diagrams give important ontributions. Here,
we disuss bremsstrahlung photons from jets, also re-
ferred to as jet fragmentation. We an treat the
bremsstrahlung ontribution via parton fragmentation
funtions Dγ/c(z,Q
2) being the probability for obtain-
ing a photon from a jet c, where the photon arries a
fration z of the jet's momentum. The eetive fragmen-
tation funtions for obtaining photons from partons an
be alulated. The leading order result is
zDγ/q(z,Q
2) = e2q
α
2π
[1 + (1− z)2] ln(Q2/Λ2) (46)
and
zDγ/g(z,Q
2) = 0, (47)
where eq is the frational harge of the quark q. The
photon fragmentation funtions evolve with Q2 just as
the usual hadroni fragmentation funtions do, as a result
of gluon bremsstrahlung and qq¯ pair prodution. The
resulting evolution equations are
dDγ/qi(z,Q
2)
dt
(48)
=
αs(Q
2)
2π
∫ 1
z
dy
y
[Dγ/qi(y,Q
2)Pqq(z/y)
+Dγ/g(z,Q
2)Pgq(z/y)],
10
and
dDγ/g(z,Q
2)
dt
(49)
=
αs(Q
2)
2π
∫ 1
z
dy
y
[
2Nf∑
i=1
Dγ/qi(y,Q
2)Pqg(z/y)
+Dγ/g(z,Q
2)Pgg(z/y)]
where Pqq, Pgq,Pqg and Pqq are splitting funtions ap-
pearing in the DGLAP equations. The parameterized
solutions from Owens[17℄ are
zDγ/qi(z,Q
2) (50)
=
α
2π
[e2i
2.21− 1.28z − 1.29z2
1− 1.63 ln(1− z)
+0.002(1− z)2z−1.54] ln(Q2/Λ2),
and
zDγ/g(z,Q
2) =
α
2π
0.0243(1− z)z−0.97 ln(Q2/Λ2). (51)
The bremsstrahlung ontribution to diret photon pro-
dution is then
dN jet→γ
dyd2pT
=
∑
c=g,qi
∫
dzc
dNAB→jetc
dyd2pcT
1
z2c
Dγ/c(zc, Q
2),
(52)
with pcT = pT/zc being the momentum arried by the jet
c before fragmentation, and d3p/E = z2cd
3pc/Ec. The
jet ross setion an be obtained from Eq.(38).
To take into aount the energy loss of the jet in the
QGP phase, the bremsstrahlung ontribution to diret
photon prodution is modied. We may use a modied
fragmentation funtion[26℄, given as
Dγ/c(zc, Q
2,∆Ec) (53)
= (1 − e− Lλc )[z
′
c
zc
D0γ/c(z
′
c, Q
2) +
L
λc
z′g
zc
D0γ/g(z
′
g, Q
2)]
+e−
L
λc D0γ/c(zc, Q
2),
where z′c = pT/(p
c
T − ∆Ec) and z′g = (L/λc) pT/∆Ec
are the resaled momentum frations arried by jet c and
the emitted gluons before fragmentation, and whereD0γ/q
and D0γ/g are the original fragmentation funtions, given
in Eqs.(50) and (51). So a parton c has the probabil-
ity exp(−L/λc) to fragment diretly without interating
with the medium, and the probability 1 − exp(−L/λc)
to interat with the medium before fragmentation. The
ratio L/λc represents the number of satterings, and a
gluon of energy ǫc is emitted eah time when a parton
satters with the medium.
As disussed earlier, the energy loss in the medium
with a onstant temperature is ∆Ec =
L
λc
ǫc, where
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Figure 14: Bremsstrahlungs (= jet fragmentation ) ontri-
bution to diret photon prodution in the 10% most entral
Au-Au ollisions at 200 AGeV. Dotted line: jets traverse the
hot dense matter diretly without energy loss. Solid line: jets
traverse the hot dense matter with energy loss. Empty irles:
PHENIX data[25℄.
λc is the mean free path of jet c in the medium and
ǫc = αs
√
µ2E/λc. Those quantities are temperature de-
pendent. In our ase, the temperature evolves with spae
and time. So similar to Eq.(43), we replae L/λc and
∆Ec by the orresponding mean values, namely∫ ∞
τ1
1
λc(T (x, y, η, τ))
fQGP (x, y, η, τ)dt, (54)
∫
∞
0
ǫc(T (x, y, η, τ))
λc(T (x, y, η, τ))
fQGP (x, y, η, τ)dt. (55)
We take the mean energy loss per sattering λ∆Ec/L as
the energy arried by eah emitted gluon.
In Fig.14, we present the bremsstrahlung ontribution
to diret photon prodution, with and without onsider-
ing energy loss. We an see that the photon prodution is
onsiderably suppressed due to the energy loss of the jets
in the hot dense matter. The results from two dierent
initial times τ0=0.5 fm/ and 1 fm/ is indistinguishable.
VII. RESULTS AND DISCUSSION
In the following we are going to ollet and disuss our
results. In Fig.15 we ompare the dierent non-thermal
ontributions to photon prodution in entral Au-Au ol-
lisions at 200 AGeV. We show the ontribution from pri-
mordial NN ollisions (dashed line), bremsstrahlung (or
fragmentation) photons (dotted line), and photons from
jet-photon onversion (solid line). We have taken into
aount energy loss of jets in the hot and dense matter,
both for bremsstrahlung photons and jet-photon onver-
sion. We also plot PHENIX data[25℄, as a referene.
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Figure 15: Comparison of the dierent non-thermal on-
tributions photon prodution in the 10% most entral Au-
Au ollisions at 200 AGeV. Dashed line: ontribution from
primordial NN ollisions. Dotted line: ontribution from
Bremsstrahlung. Solid line: jet-photon onversion ontribu-
tion. Jets energy loss in the hot dense matter is onsidered
both for bremsstrahlung photons and jet-photon onversion.
Empty irles: PHENIX data[25℄.
Jet-photon onversion ontributes the same magnitude
as bremsstrahlung, but both are small ompared to the
hard photons from primordial NN ollisions.
In Fig.16, the total ontribution (solid line), inluding
all non-thermal and thermal ontributions, is ompared
with PHENIX data[PHENIX data℄ (empty irles). The
thermal ontribution from a hydrodynami alulation
with an initial time τ0=0.5 fm/ is plotted (dotted line)
as well as the results of a alulation with τ0=1 fm/
(solid line with full irles). Smaller τ0 gives a some-
what broader distribution, but this eet is invisible in
the total ontribution. At very low pT , thermal pro-
dution dominates the diret photon prodution. How-
ever, the thermal spetra derease very fast with pT,
and beome negligible for pT≥ 4GeV/. The hydrody-
nami onguration also aets the jet-photon onver-
sion and the bremsstrahlung ontribution. But this ef-
fet is very weak: taking dierent initial times within the
range [0.5,1℄fm/ make very little dierene to the total
ontribution (invisible in Fig.16). The omplete ontri-
bution, ontaining all the thermal and non-thermal on-
tributions, follow quite well the PHENIX data.
It is useful to ompare the AuAu results with proton-
proton, and here it is onvenient to study the nulear
modiation fator, dened to be ratio of the nulear
spetrum to the proton-proton one, divided by the num-
ber Ncoll of binary ollisions. We use Ncoll=880 for the
10% most entral Au-Au ollisions at 200 AGeV, treated
in this paper. We ompute the proton-proton dier-
ential ross setion by using σppinelastic =40.83mb, and
Kjet=2, and the unmodied photon fragmentation fun-
tions given in eq.(50, 51).
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Figure 16: The total ontribution (solid line) is ompared
with PHENIX data[25℄ (empty irles). Thermal ontri-
butions from a hydrodynami alulation with initial time
τ0=0.5 fm/ is plotted as dotted line, while τ0=1 fm/ is pre-
sented as solid line with full irles. Dierent values of τ0 are
indistinguishable onerning the total ontribution.
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Figure 17: Dierent non-thermal ontributions and thermal
ontribution to nulear modiation fator RAA is ompared
with PHENIX data[25℄ (full squares). Dashed line: the pri-
mordial NN ontribution; Dotted line: bremsstrahlung; Solid
line: jet-gamma onversion; Dotted dashed line: thermal on-
tribution.
In Fig.17, we plot the dierent non-thermal on-
tributions, namely the primordial NN ontribution
(dashed line), bremsstrahlung (dotted line), and jet-
gamma onversion (solid line). The ontributions from
bremsstrahlung and jet-photon onversion are of the
same magnitude, but one order smaller than that the
primordial NN urve. We also show the rapidly falling
thermal ontribution(dotted dashed line). Above 5 GeV,
only photons from primordial NN sattering ontribute
signiantly. This is why we look more losely to this
latter ontribution.
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Figure 18: A lose look at primordial NN sattering on-
tribute to the nulear modiation fator RAA. Solid line:
the omplete primordial NN ontributions, inluding isospin
mixing and shadowing; Dotted line: omitting isospin mixing
(but onsidering shadowing); Dashed line: omitting shadow-
ing (but onsidering isospin mixing). Full squares: the same
data as in Fig.17.
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Figure 19: The omplete alulation of the nulear modi-
ation fator is ompared to PHENIX data[25℄. Dotted line:
τ0=0.5 fm/; solid line: τ0=1 fm/. Full squares: the same
data as in Fig.17.
In Fig.18, we show again the omplete primordial NN
ontributions, inluding isospin mixing and shadowing.
But we also show the results one would obtain by omit-
ting isospin mixing (but onsidering shadowing), and
by omitting shadowing (but onsidering isospin mixing).
Obviously, both eet are ruial. In partiular the
isospin mixing is responsible for getting a nulear modi-
ation fator of less than unity.
Finally we show in Fig.19 the omplete alulation, for
two dierent options of the initial time for the hydrody-
namial evolution. The two urves are almost idential.
As mentioned earlier, the total ontribution to the nu-
lear modiation fator is less than unity, due to isospin
orretion. However, the experimental data drop sys-
tematially below the theoretial urve, and it seems dif-
ult with the proesses disussed in this paper, to get
the theoretial urve further down. So maybe some "new
physis"? Before answering this question, one should not
forget the large unertainties of the experimental pp ref-
erene, whih is a t funtion passing between strongly
utuating data points at large pt.
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